Abstract b-Elemene is a new anticancer compound extracted from the Chinese medicinal herb Rhizoma zedoariae. We have shown previously that b-elemene increases cisplatin cytotoxicity and enhances cisplatin sensitivity via blocking cell cycle progression at G2/M phase in resistant ovarian tumor cells. In the current study, we asked whether b-elemene-augmented cisplatin activity in ovarian carcinoma cells is mediated through the induction of apoptosis. Here, we show that b-elemene triggered apoptotic cell death in chemoresistant human ovarian cancer A2780/CP and MCAS cells in a dose-and time-dependent fashion, as assessed by six different apoptosis assays. Intriguingly, belemene was a stronger inducer of apoptosis than cisplatin in this model system, and a synergistic effect on induction of cell death was observed when the tumor cells were treated with both agents. Furthermore, b-elemene plus cisplatin exposure significantly disrupted the mitochondrial transmembrane potential (DW m ) and increased the release of cytochrome c from mitochondria into the cytoplasm. The combination treatment with both compounds also induced increases in caspase-3/8/9 activities and caspase-9 cleavage, enhanced protein expression of Bax and phosphorylation of Bcl-2 at Ser-70, and reduced the protein levels of Bcl-2 and Bcl-X L in the platinum-resistant ovarian cancer cells. Taken together, these data indicate that b-elemene sensitizes chemoresistant ovarian carcinoma cells to cisplatin-induced apoptosis and that the augmented effect of b-elemene on cisplatin cytotoxicity and sensitivity in resistant ovarian tumor cells is mediated through a mitochondria-and caspase-dependent cell death pathway.
Introduction
Human ovarian cancer is the leading cause of gynecological cancer-related mortality in the United States, with a high morbidity rate, poor prognosis, and low 5-year survival rate, especially in refractory cases [1, 2] . Cisplatin has been a frontline chemotherapeutic agent for a variety of cancers, including ovarian epithelial cancer. However, its effectiveness as a potent anticancer agent has been greatly limited by drug resistance and side effects, which eventually lead to treatment failure in clinical settings [3] . The molecular mechanisms of tumor resistance to cisplatin involve multiple factors, including impaired apoptosis, reduced DNA binding, and increased DNA repair [4] . It is necessary to pursue novel strategies to increase sensitization of cancer cells to cisplatin, minimize resistance to the drug, alleviate its side effects, and increase its effectiveness. To this end, we investigated the role of b-elemene as an adjuvant in sensitizing drug-resistant human ovarian cancer cells to cisplatin and the underlying mechanism in an in vitro study.
b-Elemene, a novel anticancer compound, was isolated from the Chinese medicinal herb Rhizoma zedoariae. It exhibits strong antitumor activity with minimal side effects. In the past several years, our laboratory has shown that b-elemene exerts potent antiproliferative and antitumor activities in a broad range of human cancer cell types, including lung cancer, prostate cancer, and ovarian cancer cells [5] [6] [7] [8] [9] [10] . Importantly, we have demonstrated that b-elemene selectively increases cisplatin cytotoxicity and augments cisplatin sensitivity in chemoresistant human ovarian cancer cells. We have also reported that this enhanced chemosensitivity is attributable to the capacity of b-elemene to block cell cycle progression at G2/M phase [5] .
Apoptosis, or programmed cell death, is a highly regulated cellular process between cell proliferation and cell death [11, 12] . During this process, cells undergo organized self-destruction as a protective biological response to maintain physiological homeostasis when cells meet harmful or abnormal stimuli [13] [14] [15] [16] [17] . Dysfunction of the apoptotic death process may promote the proliferation of abnormal cells and eventually lead to cancer. Apoptosis occurs by two pathways: the intrinsic and extrinsic pathways. The intrinsic pathway is centered on the release of cytochrome c from the mitochondrial outer membrane, in response to a disruption of the balance between prosurvival (e.g., Bcl-2 and Bcl-X L ) and pro-apoptotic members of the Bcl-2 family (e.g., Bax and Bak). The extrinsic pathway is triggered by ligand binding to specific death receptors on the cell surface. Both pathways lead to the activation of caspase cascades. Apoptotic signaling pathways are the most promising therapeutic targets for cancer treatment [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Cisplatin induces a significant apoptotic response in cancer cells, and impaired apoptosis is one of the molecular mechanisms of chemoresistance to cisplatin in cancer cells. Considering that b-elemene blocks the cell cycle at G2/M phase and that cells accumulated in G2/M phase often enter the apoptotic process, we hypothesized that b-elemene sensitizes resistant human ovarian cancer cells to cisplatin through the induction of apoptosis. To test this hypothesis, we designed a series of experiments to detect apoptotic responses in cancer cells treated with either b-elemene or cisplatin alone, or the combination of both drugs. We found that b-elemene dramatically increased cisplatin anticancer activity in resistant human ovarian cancer cells by the induction of a remarkable apoptotic response mediated by a mitochondria-and caspase-dependent cell death pathway. These findings may have profound implications in ovarian cancer chemotherapy.
Materials and methods

Chemicals and immunoreagents
The (-)-b-elemene (98 % purity) was obtained from Yuanda Pharmaceuticals, Ltd, Inc. (Dalian, China). Cisplatin, dimethyl sulfoxide (DMSO), and propidium iodide (PI) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Antibodies against caspase-3, caspase-8, caspase-9, Bax, Bcl-2, Bcl-X L , cytochrome c, b-actin, peroxidase-labeled anti-rabbit immunoglobulin G (IgG), Blotto B, and ECL Western blotting system were all purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Phospho-Bcl-2 (Ser-70) was purchased from Cell Signaling Technology (Beverly, MA, USA).
Cell culture and cytotoxicity assay
The human cisplatin-resistant ovarian cancer cell lines A2780/CP and MCAS have been descried previously [27, 28] . Cells were cultured in monolayer using RPMI 1640 medium (Invitrogen, Gaithersburg, MD, USA) supplemented with 10 % (v/v) fetal calf serum, 50 units/ml penicillin, and 50 lg/ml streptomycin (Invitrogen). Cells were grown in logarithmic growth at 37°C in a humidified atmosphere consisting of 5 % CO 2 and 95 % air. Cells were routinely tested for mycoplasma infection using a commercial assay system (MytoTect; Invitrogen), and new cultures were established monthly from frozen stocks. All media and reagents contained \0.1 ng/ml endotoxin as determined by Limulus polyphemus amebocyte lysate assay (Whittaker Bioproducts, Walkersville, MD, USA). Before starting the experiments, cells were grown to 70-80 % confluence after sub-culturing. Cisplatin was initially dissolved in phosphate-buffered saline (PBS) without Ca 2? or Mg 2? at 5 mM. Cisplatin and b-elemene were serially diluted in culture medium, respectively, to obtain the desired drug treatment concentrations. The drug treatment and cytotoxic effects of b-elemene, cisplatin, or the combination of both drugs on cell survival were described previously [5] .
Annexin V assay Annexin V assay was used to detect apoptotic cells by staining cells with both annexin V-FITC and PI. Cells were treated with either b-elemene or cisplatin alone, or combination of both drugs, respectively. After 48-h treatment, 1 9 10 6 cells/ml were washed twice with PBS and resuspended in 300 ll binding buffer [10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , pH 7.4].
Three microliters of annexin V-FITC (Caltag Laboratories, Burlingame, CA, USA) was added to the cells. Cells were incubated on ice in the dark for 1.5 h and washed with 4 ml HEPES buffer once. Ten microliters of PI (50 lg/ml) was added to these cells. Cells were incubated for another 20 min and then analyzed within 30 min by FACSCalibur (Becton-Dickinson, San Diego, CA, USA). The CellQuest Pro software (Becton-Dickinson) and the ModFit LT software (Verity Software House, Inc., Topsham, Maine, USA) were used to determine the distribution of apoptotic cells. The same experiments were repeated for three times.
TUNEL assay
For in situ detection of apoptotic nuclei in A2780/CP cells, the terminal deoxynucleotidyltransferase-mediated deoxy-UTP-fluorescein nick end-labeling (TUNEL) assay was performed using an In Situ Cell Death Detection kit (Roche, Germany) according to the procedures described by the manufacturer. In brief, after the desired treatments, cells were washed with PBS, placed in Bouin's fixative for at least 24 h, dehydrated in alcohol, and paraffin-embedded using standard protocols. Sections of 5-lm thickness were mounted on glass slides and stained with hematoxylin and eosin and the TUNEL method. After rehydration, the sections were post-fixed in 4 % paraformaldehyde-PBS (pH 7.2), rinsed in PBS, and incubated for 1 h at room temperature with a mixture containing fluorescein-deoxy-UTP and terminal deoxynucleotidyltransferase following the manufacturer's instructions. Cells with brown granules in the nucleus were TUNEL-positive cells. To determine the percentage of positive cells, more than 200 cells were counted under a light microscope.
DNA fragmentation was detected as a marker of apoptotic cell death in situ in MCAS ovarian cancer cells using an Apoptosis Cell Detection System (Roche Molecular Biochemicals, Indianapolis, IN, USA) in an established TUNEL assay in our laboratory. In brief, ovarian cancer cells were collected following b-elemene and/or cisplatin treatment, and the collected cell pellets were processed into formalin-fixed, paraffin-embedded cell blocks. Sections cut from the cell blocks were deparaffinized, washed three times with PBS, and incubated for 60 min at 37°C in a humidified atmosphere in the dark with 50 ll of TUNEL reaction mixture. After three rinses with PBS, the sections were incubated with 50 ll of Converter-AP in a humidified chamber for 30 min at 37°C. The sections were again rinsed three times with PBS and then incubated with 50 ll of substrate solution at 25°C in the dark for a period of time adjusted for optimal staining. Finally, the slides were rinsed three times with PBS and mounted under a glass cover slip for analysis by light microscopy.
DNA fragment detection by enzyme-linked immunosorbent assay (ELISA) Cells were seeded at density 1 9 10 4 cells/well in 96-well plates for overnight. Cells were then treated with b-elemene alone (50 lg/ml), cisplatin alone (20 lM), or cisplatin in combination with b-elemene for 24, 48, and 72 h. After desired treatment, cells were incubated in lysis buffer for 30 min to obtain cytoplasmic lysates. A cell death detection ELISA kit (Cell Death Detection ELISA plus ; Boehringer Mannheim, Indianapolis, IN, USA) was used to quantitatively determine cytoplasmic histone-associated DNA oligonucleosome fragments associated with apoptotic cell death according to the manufacturer's instructions. Briefly, samples were incubated in microtiter plates adsorbed with mouse anti-histone antibody (clone H11-4) to bind histoneassociated DNA oligonucleosomes uncovered by endonuclease-mediated DNA nicking. Plates were washed, and nonspecific binding sites saturated with blocking buffer. Bound samples were then reacted with anti-mouse DNA monoclonal antibody (MCA-33) and then conjugated with peroxidase. To determine the amount of retained peroxidase, 2,2 0 -azino-di-(3-ethylbenzthiazoline sulfonate) (ABTS) was added as a substrate. The absorbance was read using a 96-well Opsys MR TM Microplate Reader (Thermo Labsystems, Chantilly, VA, USA) at 405 nm. The enrichment of mono-and oligonucleosomes released into the cytoplasm was calculated as absorbance of sample cells/absorbance of control cells. The apoptotic index was calculated as an enrichment factor, that is, the ratio of the result compared with the control set arbitrarily at 1.0. Each experiment was performed in triplicate, and means and standard deviations were calculated.
Caspases enzymatic activity assay
Caspase-3, caspase-8, and caspase-9 enzymatic activities were measured using the CasPASE TM Apoptosis Assay kit (Geno Technology, Inc., MO, USA) according to the manufacturer's protocol. In brief, after being treated with either b-elemene or cisplatin alone, or the combination of both drugs at the indicated concentrations for 24 and 48 h, a total of 1 9 10 7 cells were harvested and washed twice with ice-cold PBS. Cytosolic extracts were prepared by repeated 5 cycles of freezing and thawing in 200 ll of lysis buffer, centrifuged at 12,000 rpm for 30 min at 4°C. Cell lysates (50 ll) were diluted with 2 9 CasPASE TM buffer (50 ll) in 96-well plates in duplicate and incubated at 37°C for 2 h with 5 ll 1 mM caspases substrates (Ac-LEHD-AFC for caspase-9, Ac-LETD-AFC for caspase-8, Ac-DEVD-AFC for caspase-3). The absorbance of the cleaved substrate was measured by a 96-well Opsys MR TM Microplate Reader (Thermo Labsystems) at a test wavelength of 405 nm. Nonapoptotic cell lysate was used as the negative control. The buffer without cell lysate was used as the blank.
Protein extraction and Western blot analysis
Cells treated with b-elemene alone, cisplatin alone, or their combinations at the indicated concentrations were harvested by trypsinization following 48-h incubation. After washing with ice-cold PBS, the cells were lysed on ice for 30 min in a mammalian cell lysis buffer (Quality Biological, Inc., Gaithersburg, MD, USA), containing 10 ll/ml 200 mM phenylmethylsulfonyl fluoride (PMSF), 10 ll/ml 100 mM sodium orthovanadate, and 10 lg/ml aprotinin. Cellular extracts were clarified by centrifugation at 12,000 rpm at 4°C for 30 min, and protein concentrations were determined using the Bradford assay (Bio-Rad, Richmond, CA, USA). Sixty micrograms of proteins from whole-cell lysates was mixed 1:1 with 29 sodium dodecyl sulfate (SDS) protein gel solution (Quality Biological), heated for 5 min at 95°C, separated by 10 % SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto nitrocellulose membrane (Schleicher & Schuell BioScience, Inc., Keene, NH, USA). After blocking in Blotto B for 1 h at room temperature, membranes were incubated overnight at 4°C with the specific primary antibodies (dilutions were 1:100-1:300). Filters were washed with TBS/0.1 % Tween 20 solution, incubated with anti-rabbit peroxidase-conjugated secondary antibody (dilution was 1:10,000), wash again, and developed with enhanced chemiluminescence substrate according to the manufacturer's instructions. The protein bands were visualized using X-ray films (Eastman Kodak, Rochester, NY, USA). All blots were representative of three independent experiments.
Detection of cytochrome c release into the cytosol
The mitochondrial and cytosolic fractions were isolated using Mitochondrial Isolation Kit (Sigma-Aldrich). Briefly, 3 9 10 7 cells were harvested and washed with PBS. The cells were suspended in 10 volumes of mitochondrial extraction buffer A containing 2 mg/ml albumin and homogenized on ice by a Wheaton Dounce homogenizer. Unbroken cells and nuclei were removed by centrifugation at 600g for 5 min at 4°C. The supernatant was further centrifuged at 11,000g for 10 min. The supernatant was saved as a cytosolic fraction while the precipitate was dissolved in storage buffer A and saved as the mitochondrial fraction. The cytosolic fraction was analyzed by Western blotting with an anti-cytochrome c monoclonal antibody.
Measurement of mitochondrial membrane potential by flow cytometry using BD MitoSensor TM reagent
Changes in mitochondrial membrane potential (DW m ) during the early stages of apoptosis were assayed using an ApoAlert TM Mitochondrial Membrane Sensor kit (BD Biosciences Clontech, Palo Alto, CA, USA). Briefly, 1 9 10 6 cells were harvested, suspended in 1 ml of MitoSensor reagent (final concentration, 5 lg/ml), and incubated at 37°C in a 5 % CO 2 incubator for 20 min. The cells were washed with 1 ml of incubation buffer and collected by centrifugation at 3509g for 5 min. The cell pellet was suspended in incubation buffer and analyzed by flow cytometry. The green fluorescence represented the geometric mean fluorescence of the cells. Higher geometric mean fluorescence indicated lower DW m and a higher incidence of apoptosis.
Statistical data analysis
Data are presented as mean ± SD. Student's t test was used to analyze the differences between the means of treatment groups and the control group. Differences with a P value of less than 0.05 were considered statistically significant. (Fig. 1a) . The percentages of apoptosis plus necrosis in A2780/CP cells after each treatment were 1.35 % (untreated control cells), 20.17 % (b-elemene alone), 7.09 % (10 lM cisplatin alone), 10.41 % (20 lM cisplatin alone), 54.74 % (b-elemene plus 10 lM cisplatin), and 59.98 % (b-elemene plus 20 lM cisplatin). Similar data were obtained in MCAS cells (Fig. 1b) (Fig. 2e) . Similar results were observed in MCAS cells using a different apoptosis cell detection kit for the TUNEL assay (Fig. 3a-d ). These findings demonstrate that b-elemene significantly increases cisplatin-induced apoptotic nuclei in resistant ovarian carcinoma cells. Effect of b-elemene and cisplatin on apoptosis in ovarian tumor cells as determined by the histological identification of nuclear karyorrhexis Karyorrhexis is the destructive fragmentation of the nucleus of a dying cell, whereby its chromatin is distributed irregularly throughout the cytoplasm. It can occur as a result of either apoptosis or necrosis, although during apoptosis, the nucleus usually dissolves into apoptotic bodies after karyorrhexis. To confirm the effect of b-elemene and cisplatin on apoptotic cell death in chemoresistant ovarian carcinoma cells, we assessed nuclear karyorrhexis by histological identification in A2780/CP cells following exposure to the compounds (Fig. 4) . The percentages of cells exhibiting karyorrhexis indicate that cisplatin or b-elemene independently induced apoptotic cell death in A2780/CP ovarian cancer cells in a concentration-dependent fashion and that b-elemene obviously promoted cisplatin-triggered apoptosis in this model system (Fig. 4a) . Intact nuclei were observed in the (Fig. 4b) , while typical cell morphology of karyorrhexis was observed in cells exposed to b-elemene and/or cisplatin (Fig. 4c) .
b-Elemene increased cisplatin-induced DNA fragmentation in ovarian carcinoma cells DNA degradation occurs several hours before plasma membrane breakdown during apoptotic responses. The enrichment of mono-and oligonucleosomes in the cell cytoplasm, signifying apoptosis, can be quantified by ELISA using an apoptosis detection kit. Compared with untreated control cells, the A2780/CP cells treated with either b-elemene or cisplatin alone showed a slight enrichment of nucleosomes (Fig. 5) . In contrast, cells treated with both b-elemene and cisplatin exhibited a dramatic enrichment of nucleosomes ( # P \ 0.01 and ## P \ 0.05 compared with untreated cells; *P \ 0.01 and **P \ 0.05 compared with b-elemene alone or cisplatin alone). Experiments with the other human ovarian tumor cell line gave similar results (data not shown). Thus, b-elemene significantly increases cisplatin-induced DNA fragmentation in resistant ovarian cancer cells.
b-Elemene-promoted cisplatin-induced apoptosis in ovarian cancer cells was caspase dependent
Caspase activation is a critical signaling event in apoptotic pathways. To determine which caspases were involved in the apoptotic response to b-elemene and cisplatin, we measured the enzymatic activities of caspase-3, caspase-8, and caspase-9 in A2780/CP cells treated with both drugs. After cells were treated with the b-elemene plus cisplatin, the caspase-3, caspase-8, and caspase-9 activities were significantly increased, at both 24 and 48 h ( # P \ 0.01 and ## P \ 0.05 compared with untreated cells; *P \ 0.01 and **P \ 0.05 compared with b-elemene alone or cisplatin alone) (Fig. 6a-c) . The enhanced induction of apoptosis by the combination of b-elemene and cisplatin was blocked by the general caspase inhibitor Z-VAD-FMK (data not shown). Apoptosis triggered by b-elemene plus cisplatin was further confirmed by Western blot analysis showing the cleavage of caspase-9 in A2780/CP cells (Fig. 6d) .
b-Elemene-promoted cisplatin-induced apoptosis in ovarian cancer cells was mitochondria dependent
The reduction of mitochondrial transmembrane potential (DW m ) is a hallmark of apoptosis. The loss of DW m has been shown to result in a mitochondrial permeability transition, resulting in the release of cytochrome c and other apoptogenic proteins from mitochondria [29] . To determine whether the mitochondria-dependent pathway was involved in the induction of apoptosis by b-elemene and cisplatin treatment, we examined the DW m and cytochrome c release from the mitochondria during early stages of apoptosis in b-elemene-and cisplatin-treated A2780/CP cells. The (Fig. 7a) . The DW m was reduced in A2780/CP cells after treatment with b-elemene and/or cisplatin for 48 h. We collected similar data from the other human ovarian carcinoma cells (data not shown). Thus, b-elemene and/or cisplatin treatment significantly disrupted DW m . Western blot analysis performed with the cytosolic and mitochondrial fractions isolated from the cells at 48 h following drug exposure revealed that the cytosol of untreated cells contained no cytochrome c, whereas cytochrome c had accumulated in the cytosol of cells treated with the combination of b-elemene and cisplatin (Fig. 7b) . The increase in cytosolic cytochrome c was consistent with the change in DW m .
Alterations in Bcl-2 family protein levels in b-elemeneand cisplatin-treated ovarian carcinoma cells Bcl-2 family proteins are important regulators of apoptosis [16, 30] . Western blot analysis of cells treated with the combination of b-elemene and cisplatin revealed significantly downregulated expression of Bcl-2 and Bcl-X L proteins, elevated levels of Bax protein, and increased phosphorylation of Bcl-2 at Ser-70 (Fig. 8) .
Discussion b-Elemene is a new antitumor compound with potent antigrowth and antiproliferative activities in a broad range of cancer cell types [5] [6] [7] [8] [9] [10] . However, the molecular mechanisms underlying its anticancer activity are not fully known. Our previous study has shown that b-elemene significantly enhances the cytotoxicity of cisplatin and sensitizes cancer cells to cisplatin in the chemoresistant human ovarian cancer A2780/CP cell line and that this sensitization is mediated via cell cycle arrest at G2/M phase [5] . In the present study, we demonstrated that b-elemene strongly promotes cisplatin-induced apoptotic responses in A2780/CP and MCAS ovarian carcinoma cells. This suggests that the antitumor activity of b-elemene may involve multiple molecular targets. This hypothesis is supported by several lines of evidence from the present study. First, b-elemene increased cisplatin-induced cell membrane changes during apoptosis in A2780/CP and MCAS cells, as shown with an annexin V binding assay. Translocation of phosphatidylserine to the outer surface of the cytoplasmic membrane is an early feature of apoptosis. The surface expression of phosphatidylserine was markedly increased after treatment of A2780/CP or MCAS cells with both b-elemene and cisplatin, compared with treatment with either agent alone.
Second, b-elemene increased cisplatin-induced apoptotic nuclei in A2780/CP and MCAS cells, as assessed by in situ TUNEL assay. The number of TUNEL-positive cells at 24, 48, and 72 h after drug treatment was significantly higher in the b-elemene plus cisplatin group than in any other group, suggesting that b-elemene synergistically increases cisplatin-induced apoptotic nuclei in ovarian cancer cells.
Third, b-elemene increased cisplatin-induced DNA fragmentation in A2780/CP cells, as determined with an apoptosis detection ELISA. DNA degradation and consequently the enrichment of mono-and oligonucleosomes in the cytoplasm occur several hours before plasma membrane breakdown during the apoptotic response. Compared with untreated cells, cells treated with b-elemene or cisplatin alone showed slight enrichment, and cells treated with both drugs showed a marked enrichment of cytoplasmic nucleosomes. Furthermore, A2780/CP ovarian tumor cells exposed to b-elemene and/or cisplatin exhibited cell morphology typical of karyorrhexis. These data indicate that b-elemene substantially increases cisplatininduced DNA fragmentation in resistant ovarian cancer cells.
Taken together, these results clearly demonstrate that b-elemene considerably increases cisplatin cytotoxicity and cisplatin sensitivity by augmenting apoptosis induction in ovarian carcinoma cells. The initiation of apoptosis is among the most important therapeutic targets in cancer chemotherapy [21, 23, [31] [32] [33] . Apoptosis is a well-organized and well-characterized cell death process with significant morphological and biochemical features [11, 12] . This process is finely gene-directed and can be divided into three different stages: (1) the initiation stage: cells receive a stimulus and respond to this stimulus by engagement of multiple possible apoptotic pathways; (2) the effector stage: the initiated apoptotic signals are integrated each other and eventually decide the cells' fates, either live or death; and (3) the execution stage: this is the last and irreversible cell death stage, in which some critical intracellular proteins are auto-digested and DNAs are cleaved [11, 12] .
The initiation of apoptosis is mediated at least by two distinct pathways: the intrinsic or mitochondrial pathway and the extrinsic or death receptor pathway, involving either mitochondria or death receptors [34] [35] [36] [37] [38] . In the mitochondria pathway, apoptotic signals lead to permeability changes in mitochondrial membrane and the subsequent release of cytochrome c into cytosol [24, [39] [40] [41] [42] [43] . Cytochrome c, a component of the mitochondrial electron-transfer chain that is present in the inter-membrane space, is released into the cytosol during the early phases of apoptosis [44] . Mitochondrial transmembrane potential (DW m , MTP) plays a critical role in controlling apoptotic responses. Loss of MTP can lead to opening of the permeability transition pore [45] ; the pore opening has been seen as a key stage in apoptosis [42] . Our results revealed that the combination of During apoptosis, a cascade of intracellular cysteine proteases, known as caspases, is activated [46, 47] . In general, activation of the caspase cascade requires both initiator caspases such as caspase-8, caspase-9, and caspase-10 and effector caspases such as caspase-3 and caspase-7 [35, [48] [49] [50] . Caspase-3, a downstream caspase, is the most important member in caspase family. Caspase-3 plays a pivotal role in the execution phase of apoptosis which was induced by diverse stimuli [47] . Cytochrome c and other different factors recruit and process procaspase-9 and lead to the activation of caspase-9, which then processes and activates the effector caspases to orchestrate the biochemical execution of apoptosis [51, 52] .
In the current study, the activities of caspase-3, caspase-8, and caspase-9 were significantly elevated and the autocleavage of caspase-9 was increased in A2780/CP cells after treatment with both b-elemene and cisplatin. lM) alone, or the combination of both drugs for 48 h. The cells were harvested, and whole-cell protein lysates were prepared as described in the ''Materials and methods.'' The levels of Bax, Bcl-2, and Bcl-X L proteins, and p-Bcl-2 (Ser-70) phosphorylation were analyzed by Western blotting. Equal protein loading was verified using an antib-actin antibody Moreover, the caspase inhibitor Z-VAD-FMK appreciably suppressed apoptosis induced by the combination of b-elemene and cisplatin (data not shown). These data suggest that the activation and auto-cleavage of caspases are involved in the b-elemene-enhanced apoptotic response induced by cisplatin.
Bcl-2 family proteins play important roles in regulating the sensitivity of cancer cells to chemotherapeutic druginduced apoptosis [53, 54] . Bcl-2 and Bcl-X L act as antiapoptotic factors, and Bax acts as a pro-apoptotic factor. The anti-apoptotic activity of Bcl-2 is inhibited by phosphorylation of Ser-70 [55] . In the present study, treatment of A2780/CP cells with b-elemene plus cisplatin markedly downregulated Bcl-2 and Bcl-X L expression, upregulated Bax expression, and increased Bcl-2 phosphorylation at Ser-70 in cells. These observations suggest that the apoptotic process induced by b-elemene and cisplatin in ovarian tumor cells is regulated by Bcl-2 family genes.
Altogether, the present study has demonstrated that b-elemene strongly sensitizes chemoresistant ovarian carcinoma cells to cisplatin through potent induction of apoptosis. The enhanced apoptosis was mediated by a mitochondria-and caspase-dependent cell death pathway. The precise mechanisms linking these two signaling events remain to be experimentally determined. On the other hand, our previous studies have revealed that b-elemene also sensitizes resistant ovarian tumor cells to cisplatin by blocking cell cycle progression at G2/M phase. It is unclear whether induced apoptosis is a secondary event resulting from cell cycle arrest or a novel mechanism of b-elemene in cancer cells. Further studies are necessary to delineate the precise signaling pathways linking cell cycle arrest and apoptosis induction by b-elemene and cisplatin in human ovarian cancer cells.
